Emerald mining in the Panjshir Valley, Afghanistan, has occurred for thousands of years, yet few records exist documenting the detailed spatial extent, techniques, or productivity of small-scale miners. This study proposes new methods to map and monitor the extent and changes in small-scale mining in remote and inaccessible terrain by integrating multispectral remote sensing analysis with archival geologic data and three-dimensional topographic change detection to examine emerald deposit zones and mining activity in the Panjshir Valley. Specifically, previously mapped geologic units known to host emeralds were re-analyzed using Landsat multispectral analysis to investigate the potential distribution of mining activity. Interpretation of very fineresolution satellite imagery showed that mining activity is becoming more concentrated and transitioning from traditional tunneling methods to mechanized surface excavation. Finally, topographic change analysis of mechanized mine sites was combined with archival grade data to estimate production and consider improved recovery methods by small-scale miners.
Introduction
Emerald mining has occurred in the Panjshir Valley of Afghanistan for thousands of years and over the past two decades the emeralds produced from this region have become one of Afghanistan's most valuable gemstone resources (Bowersox and Chamberlin 1995; Groat et al. 2008) . Traditionally, such mining has occurred as artisanal and small-scale mining (ASM), wherein relatively simple tools such as pick-axes and shovels are used by individual (or small groups of) miners to extract the gemstones from the host rock. However, throughout this region explosives are also used to tunnel, break up the host rock, and liberate the emeralds. This practice of uncontrolled blasting results in significant CONTACT Jessica D. DeWitt jdewitt@usgs.gov This work was authored as part of the Contributor's official duties as an Employee of the United States Government and is therefore a work of the United States Government. In accordance with 17 U.S.C. 105, no copyright protection is available for such works under U.S. Law. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivativesLicense (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.
breakage of the emerald crystals, substantially reducing the overall recovery of emeralds of each site (Bowersox and Chamberlin 1991) . Anecdotal reporting suggests that 40-60% of emerald crystals are destroyed or damaged by blasting, but no known studies are available to definitively determine the impact this practice has on productivity. Although some research has been done on the geology and mineralogy of emerald and gemstone deposits in this region (Samarin and Akkermantsev 1977; Pasekov and Yurgenson 1980; Bowersox 1985; Bowersox and Chamberlin 1995; Snee et al. 2005) few official records exist to document the locations, techniques, productivity, and yield of various mining operations. Furthermore, the remoteness and difficulty in accessing the Panjshir Valley, combined with the complex and volatile political situation of Afghanistan makes direct field observation of this region high risk at the current time.
The small spatial footprint, dynamic nature, and broad spatial distribution of individual mining operations makes this informal segment of Afghanistan's mineral extraction industry exceedingly difficult to quantify and monitor, however it has important economic and political impacts that extend across regional and national boundaries. Additionally, the legal status of most ASM operations ranges from legal, to illicit, and even clandestine, further complicating efforts to identify artisanal miners, or to formalize and monitor their operations. A significant methodological question is 'how can artisanal and small-scale mining operations be reliably mapped and monitored over time in a way that addresses both their intensity and spatial distribution'.
This study integrated multi-scale, multi-temporal remote sensing and geospatial methods to map and monitor small-scale mining activity and to improve understanding of the location and extent of emerald deposits in the Panjshir Valley. Multispectral remote sensing analysis was used to re-analyze previously mapped mineral and geological units known to host emeralds, with the goal of improving the spatial detail of geologic context for emeraldbearing rocks. Changes in the location, extent, and characteristics of mining activity were also analyzed from very high-resolution (VHR) satellite imagery and new three-dimensional (3D) analysis of stereo VHR satellite imagery, in conjunction with detailed archival map data provides new details and estimates regarding the potential production of mining efforts.
Study area
The Panjshir Valley is located in the Hindu Kush Mountains of north-central Afghanistan, approximately 150 km north of the capital city of Kabul. Despite its close proximity to Kabul, the valley is remote and inaccessible due to rugged terrain and limited transportation infrastructure. The area's harsh continental climate, characterized by significant daily and annual temperature fluctuations, makes mining the primary economic activity of the region, although agriculture also occurs seasonally in warmer valley areas. Upland temperatures in the northeastern part of the valley reach À24 C (À31 F) during the winter, limiting mining activity during the coldest winter months (Olson et al. 2001 ).
Geologic setting
Geologic understanding of the Panjshir Valley and Western Hindu Kush region is primarily based on the extensive exploration and geologic mapping done by Soviet and Afghan geologists during the 1960s and 1970s. The 1:250,000 and smaller-scale maps developed at that time typically indicate units that describe the spatial extent of multiple rock types. This data constitutes the 'best available' data regarding geologic units in the study area. Since this study is not attempting to map the extent of specific rock or mineral types, but rather to investigate the emerald-bearing potential of the combined lithostratigraphic units that have been previously documented, these maps are sufficient for the purposes of the study.
Geology in the Panjshir Valley and Western Hindu Kush region is largely defined by the Middle Afghanistan Geosuture (Chmyriov et al. 1982) , which trends westward through Bamyan, and divides the platform sedimentary rocks found in northern Afghanistan from southern structural blocks of various origins. In the area of the Panjshir Valley, this major crustal structure is dominated by a complex of interlacing, northeasttrending faults known as the Hindu Kush Tectonic Zone (TZHK). The Panjshersky fault runs parallel to, and a few miles southeast of the TZHK and represents a major structural break between Precambrian rocks of the East Afghanistan median massif and sedimentary rocks in the Panjshir Valley (Shadchinev et al. 1975; Samarin and Akkermantsev 1977) .
There is substantial uncertainty in the ages assigned to metamorphic and plutonic rocks throughout the region (Shadchinev et al. 1975; Abdullah et al. 1977) . Large areas of the Hindu Kush are presumed to be of Proterozoic and Archean Age based on their metamorphic grade, however fossil evidence suggests that some of these areas are Devonian to Cretaceous .
In the southwestern end of the valley, rock composition varies from felsic to mafic and includes the presence of amphibolite and strongly foliated, high-grade layered gneisses with variable orientation. This band of gneisses, extending beyond the Panjshir valley to the northeast, is in fault contact with metasedimentary rocks to the northwest. A second band of gneisses runs west of and parallel to the valley, and exposed metasedimentary units exist between the two belts of gneisses and are exposed throughout. The oldest rock unit in this area is thought to be either Ordovician sedimentary rocks (Abdullah et al. 1977) or Silurian to Lower Carboniferous carbonates (Shadchinev et al. 1975) . The youngest unit includes a clastic sedimentary sequence of rocks consisting of quartzite, metamorphosed shale (schist and phyllite), sandstones and conglomerates ranging in age from Carboniferous and Permian to Triassic. Maximum disruption and segmentation of the sedimentary units occurs within the TZHK, which separates the northwestern margin of the sedimentary units against Precambrian-age gneisses . The report by Snee et al. (2005) provides detailed review and synthesis regarding these varying geologic descriptions. Additional information about the geology of the area can be found in Peters et al. (2011) .
In order to address the combined-rock types mapped by archival geologic maps in the region, we have incorporated additional information from a hyperspectral analysis (Kokaly and Giles 2011) . This preliminary hyperspectral analysis using imaging spectrometer data collected in 2007 was conducted as part of a U.S. Geological Survey (USGS) project to classify surficial materials into mineral classes such as calcite, muscovite, montmorillonite, illite, serpentine, chlorite, and other mineral combinations (Kokaly and Giles 2011) . Detailed examination of these results in the study area indicated that the primary minerals of interest in surficial rock units were calcite, calcite þ Muscovite/Illite, Calcite þ Montmorillonite, Muscovite, Dolomite þ Montmorillonite/Calcite, and Serpentine/Calcite þ Dolomite. The results of the Kokaly and Giles (2011) study were used to streamline multispectral analysis in this study.
Conditions for emerald formation
Within this geologic setting, conditions favorable for emerald formation include: 1) proximity to the rare-metal-enriched granites of the Laghman complex, an Oligocene intrusive complex found to the east of the Panjshir River gorge; 2) hydrothermally altered gabbro-diorite dikes, marbles, schists and quartz porphyry; and 3) the contact between carbonate and clastic sedimentary geologic units (Shadchinev et al. 1975; Kazmi and Snee 1989; Snee et al. 2005) . While some geologic units have been reported as indicative of emerald deposits, there is significant difference in the mapping of these units, and in particular the Laghman Complex, between Abdullah et al. (1977) and Samarin and Akkermantsev (1977) . Figure 1 shows the geology of the immediate region around the Panjshir Valley ). The P 3 gdy unit corresponds most closely to the Laghman Complex, as described in Snee et al. (2005) , while the SDld unit corresponds to carbonate rocks and the Ossl unit corresponds to clastic rocks. It is the contact between these latter two units, in regional proximity to the Laghman Complex, that presents geologic preconditions for emerald mineralization . Details regarding the data used in this map are further discussed in section 3.1.1 -Phase I data.
The primary emerald bearing zones occur a few kilometers southeast of the Panjshir River, at elevations between 2525 m (8284 ft) and 4325 m (14,190 ft) . These include (from east to west), the Khenj, the Mikeni, the Yaknow (also called the Butak), the Buzmal (also referred to as the Dahane Revat), the Rivat, and the Darun districts Bowersox 2016 ). The exact boundaries of these zones and the spelling of their names varies somewhat by source, but Figure 1 shows their general location and extent. Of these districts, the Khenj, Buzmal, and Rivat are located in carbonate host rocks and the others are located in clastic host rocks. All zones have been observed to be in proximity to the contact between carbonate and clastic units and near the Laghman Complex .
Methods
Investigation of emerald mining activity in the Panjshir Valley is divided into three phases, which differ in the scale, and thereby resolution and accuracy of data used in analysis (Table 1) . Phase I sought to investigate the extent to which multispectral analysis methods could be used to highlight and improve upon the detail of previously mapped geologic units within a broad area encompassing the Panjshir Valley. Despite its moderate spatial and spectral resolution, imagery collected by Landsat 8 Operational Land Imager(OLI)/Thermal Infrared Sensor (TIRS) has high radiometric resolution with an excellent signal-to-noise ratio and has successfully been used for geologic analysis of surficial rock units and exploration of mineral deposits in a variety of environments (Shupe and Akhavi, 1989; Yazdi et al. 2013; Babu et al. 2015; Pour and Hashim 2015; Safari et al. 2018) . Moreover, the spatial extent and resolution of Landsat scenes is advantageous as it does not require mosaicking of multiple images scenes and provides a useful amount of spectral reflectance detail in an area of complexly deformed rock units, where excessive spectral detail may introduce difficulties in mapping and validation. The multispectral analysis in this study utilized band ratio techniques, which have been shown to reduce noise and highlight the spectral reflectance of hydrothermal alterations (Carranza and Hale 2002; Mia and Fujimitsu 2012; Abdelkareem and El-Baz 2018; Pour et al. 2018; Abubakar et al. 2019) , and focused on surficial mineral components identified by Kokaly and Giles (2011) . Composite band ratio images created from the Landsat data were used to better define currently mapped geologic contacts, and to provide more detailed geologic context within the extent of Phase-1 ( Figure 1 ). This information was then used in Phase II, which entailed the acquisition and detailed interpretation of VHR satellite imagery for the local-scale Phase-2 ( Figure 1 , purple box). Analysis of the spatial distribution of interpreted mining features provides the best-available information regarding the current status of emerald production within the Panjshir Valley. In Phase III, specific sites of significant mining activity were selected for a 3D volumetric change detection analysis to assess the impact of observed changes in mining methods. Detected changes were compared to the limited data available regarding the grade of emeralds in the region. These sites occur within the space of Phase-3 ( Figure 1 , magenta box).
Phase I
Archival geologic maps were used to understand the surface distribution of geologic units in the region, with the goal of differentiating these units using multispectral remote sensing. Due to the limited access that geologists have had to the region, the initial surveying, geologic mapping completed at a range of scales, and unpublished resource assessments at the site scale produced by Soviet and Afghan geologists during the 1970s provide the geologic description for the area. The unpublished reports and maps used as reference in this study are described in Table A .1. The maps were digitized by the USGS, in cooperation with the Afghan Geological Society (AGS), and are referenced herein by report number (USGS Projects in Afghanistan, https://afghanistan.cr.usgs.gov/). Information from these reports, combined with preliminary field analysis was completed by Snee et al. (2005) , and resulted in the publication of the geologic map (1:250,000) of the Polekhomri and Charikar quadrangles. The geologic units described in this map are adopted by this study, however the multispectral investigations of this study aimed to improve upon the spatial referencing and detail of this mapping. Archival geologic map drafts and field sketches were also georeferenced and used as reference where available. The complete list of reports and maps referenced by this study are shown in Appendix A, and the geolocated data from them is shown in Figure 9 . The geologic units relevant to emerald deposits include early Paleoproterozoic gneiss (X 1 gn), Orovician-age sandstone and siltstone (Ossl), and Silurian-Devonian age limestone and dolomite (SDld) To be successful, band ratio analysis must highlight the spectral signature differences between the carbonate dominant dolomite and limestone lithologies of the SDld unit from the siliceous dominant shale, sandstone, and chert lithologies of the Ossl unit. Although no field spectroscopic observations from the region are available to spectrally differentiate these minerals, laboratory-based spectral signatures of the Calcite-Dolomite, Dolomite and Ca-Montmorillonite, Microcline (feldspar) and Muscovite (mica) were used to estimate their reflectance (Kokaly et al. 2017) in the wavelengths covered by Landsat data bands, and therefore to select the optimal bands ratios to target each ( Figure 2) .
The extreme folding and dip angles that exist throughout the Hindu Kush Mountains cause these geologic units to be exposed in many areas, which facilitates their mapping using Landsat 8 Operational Land Imager (OLI) imagery. The OLI sensor's 185 km swath and inclusion of short-wave infrared wavelengths makes it ideal for the detection and mapping of exposed geologic units where vegetation is minimal. The image acquired on 8 July 2018 for Path 152 Row 36 is cloud free and was collected during the height of mining activity in the summer. Prior to analysis, the image was atmospherically corrected to ground reflectance using PCI Geomatica's atmospheric correction (ATCOR) procedures (Richter and Schl€ apfer 2002) and then masked to exclude snow cover, vegetation, and open water.
Despite the topographic normalization that is done during atmospheric correction, shadowing caused by mountainous terrain complicates multispectral analysis. Band ratio analysis mitigates illumination differences caused by topography and exploits spectral absorption features in a mineral's spectral reflectance to geographically highlight the extent of the mineral's surface exposure (Campbell 2011) .
The average reflectance value of each mineral for each Landsat band (also shown in Figure 2 ) was estimated from their spectral signatures, then used to compute hypothetical band ratio quotients. A single band ratio was selected to highlight each mineral component by determining which quotient was greater for that mineral than for the other minerals. A color composite was then created from the 5 selected ratios. Table 2 shows the band ratio selected for each mineral component, and its new composite layer number.
A non-standard false color composite, wherein 3 of the new composite layers were assigned to red, green, or blue color display bands, was used to visualize the geographic distribution of different mineral combinations. Visual interpretation of the mapped color combinations indicates the relative concentration of each mineral component present in the surficial geology.
Phase II
VHR imagery collected by the WorldView-2 and WorldView-3 satellites (DigitalGlobe) were used for manual interpretation of mining activity. To discriminate between areas of currently active mining and areas of previous mining activity, two sets of panchromatic/ multispectral image bundles collected several years apart were acquired (Table 3 ). Due to limited ground coverage, Image1 was created by mosaicking imagery collected on 29 July 2011 and 19 September 2013. Image2 was collected on 30 July 2017. Preprocessing of these VHR images entailed orthocorrection of all images, followed by pan-sharpening of the visible bands in the multispectral image. Various contrast stretches were used to improve visualization and clarity of the image during interpretation.
Interpretation of emerald mining involves visual identification and association of specific ground features using visual elements like tone, color, shape, shadow, texture, and pattern. Due to the small spatial extent of these features on the ground, interpretation was typically done at scales of 1:1000 or larger.
Adits (more commonly referred to as a tunnel portal) were interpreted by the dark shadow visible at the entrance, which appeared round, linear, or crescent-shaped, depending on terrain distortion and viewing angle. Differentiation between the shadow of an adit and the shadow of the natural terrain was based on proximity to associated features, such as footpaths and spoil piles, which were distinguished by their tone and shape. Other feature indicators include the rectangular shape of buildings and the bright reflectance of tents and temporary structures. Adits were interpreted sequentially from Image1 and Image2. Each adit was mapped as a point and attributed with information regarding the visual indicators that were used to distinguish it. While these point locations are useful, the large number of adit points and the large scales necessary to view them complicate the mapping and visualization of mining activity. Comprehensive spatial analysis of mining activity was done by aggregating each dataset to 250 m gridcells, where the value of each gridcell indicates the count of active adits counted within it.
The status of a tunnel (active or inactive) was determined through comparison of Image1 and Image2. Active adits were identified by the brighter and more prominent adjoining pathways and spoil piles, and other associated indicators near the tunnel. To consistently characterize change in mining activity, the context and indicators of the observed change were coded and prescribed a change value (Table 4 ). This value describes the amount and type (increase or decrease) of change observed at each adit.
Similar to analysis of adits, analysis of change in mining activity was accomplished through aggregation of the adit points to 250 m gridcells. However, instead of a count of the tunnels within each gridcell, the value of each gridcell was calculated as the sum of the change values of the points within that gridcell. This summation provides a simplistic overview of whether mining activity has generally increased or decreased between the two imagery dates.
Mining equipment and machinery was also interpreted from imagery using visual indicators such as a distinctive shape and angular shadows, as well as bright coloration (typically orange, red, or yellow). In addition to identification, measurement of the machinery parts, including tread length, arm length, and overall length provides additional information regarding the scale of mechanized mining.
Phase III
Site-specific analysis conducted during Phase III used the VHR imagery acquired for Phase II. Additionally, VHR digital elevation models (DEMs) were used to evaluate topographic changes caused by mechanized mining. Like Phase II, data collected in different Significant increase Active in 2013, significantly increased in size or extent and is still active in 2017 þ5 time periods were necessary to assess topographic change. The creation, preprocessing, and accuracy of these DEMs is described in the following paragraphs and summarized in Table 5 . DEM1 was created from the AW3D DEM. This DEM was produced by the JAXA space laboratory using multi-temporal elevation model derivatives of along-track stereo satellite imagery collected by the PRISM satellite between 2006 and 2011 (Tadono et al. 2016 ). In the Panjshir Valley area, other studies validated this AW3D DEM against the Shuttle Radar Topography Mission (SRTM) with an average error of 1.5 m, against the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global DEM with an average error of À3.9 m, and against the Ice, Cloud, and land Elevation SATellite with an average error of À1.9 m (Tadono et al. 2016 ). The 30 m resolution version of this DEM product (called the AW3D30) is available to the public for free. To match the finer spatial resolution of DEM2, and to accommodate the relatively small spatial extent of mechanized mine sites, the AW3D30 was resampled to 10 m resolution using cubic convolution. This resampled DEM was compared to the SRTM in the study area and found to have a mean error of 5.95 m, with a standard deviation of 10.4 m.
DEM2 was photogrammetrically extracted from Satellite Pour l'Observation de la Terre (SPOT) 7 panchromatic stereo imagery (1.5 m spatial resolution) acquired on 7 April 2018. Photogrammetric extraction of the elevation model was done using Toutin's Model (Toutin 2004a (Toutin , 2004b ) with a 5 m panchromatic Controlled Image Base image dataset as reference (National Geospatial Intelligence Agency), using 10 x, y, z coordinate ground control points (GCPs) and 230 x, y coordinate tie points (TPs). The 10 GCPs had a Root Mean Squared Error (RMSE) of 5.19 m. The resultant 3 m DEM was resampled to 10 m using cubic convolution resampling. When compared to the SRTM, the 10 m resampled SPOT 7 DEM was found to have a mean difference of À0.87 m with a standard deviation of 17.8 m. Error within the study area was correlated with terrain and topographic shadows, as well as with snow on some of the higher mountain peaks.
Local-scale analysis of changes caused by mechanized mining was performed at two different sites: one in the Mikeni district, and one in the Khenj district. Topographic change at each site was assessed using profile graphs of DEM1 and DEM2, as well as through 3D volumetric calculation. 3D change was calculated by subtracting DEM2 from DEM1 (newer DEM minus older DEM), yielding a new raster with values indicating the vertical change in elevation. Volume was then calculated from this new raster by multiplying the cell values by 100 m 2 (the area of a 10 m cell).
Of the archival geologic maps evaluated in Phase I, only two provided specific data from the sampling of emerald deposits. The sampling tested emerald mineralization and the average grade and quality of emeralds using underground mining methods at one site, and a combination of surface excavation pits and underground mining at the second site. According to the report, both underground mining methods and surface excavation methods established sampling zones along direction of strike in the area of emerald-bearing rocks. Surface excavations were collected in bulk, and cuttings from the tunnels were collected in 2-3 m intervals. Due to the uneven distribution of emeralds, all cuttings that revealed emerald-bearing host rock were tested for the presence of emeralds. In the tested areas, emerald mineralization occurred within the dikes of gabbro-diorites and the marble or other rocks containing them, without separation. Emerald crystals were reportedly found in all fractions of the sample (Samarin and Akkermantsev 1977; Pasekov and Yurgenson 1980) . The results of this sampling are provided as tables on one of the maps included with the report (see Appendix A; map R1563L_008). There is a high degree of variation in quality and quantity of emeralds assessed during previous sampling which affects the accuracy of reserve estimate calculations. These sitespecific samples are the only known records of grade, size, and production of emeralds in the Panjshir Valley. The data from these tables were used to calculate summary statistics regarding sample grade values. It is assumed that some amount of the surface layer of rock within the excavated area, calculated from 3D volumetric change (above), is sterile overburden. Thus, the volume of emerald-bearing rock does not constitute the full volume of the area excavated. However, the archival reports do not contain sufficient detail to characterize the thickness of overburden. Thus, in this study, the volume of emeraldbearing rock is estimated as a percentage of the maximum productive volume (based on the block volumes recorded in the archival reports). This proportional value is calculated as the average block volume divided by the maximum block volume. Since these values differ for the eastern and western sampling zones (the Mikeni and Khenj districts, respectively), the two resultant proportional values constitute a range of potential productive volumes that is less than the total excavation volume.
Emerald production from mechanized surface mine sites is calculated by multiplying the result of volumetric analysis (using 3D change methods) by the average grade of certified emeralds at the nearest sampling site and the multiplicative factor accounting for sterile overburden material.
Emerald production estimate ¼ Volume excavated area Â avg grade certified emeralds Â productive volume factor Thus, estimated emerald production is calculated for each of the analyzed sites.
Results

Phase I
The results of Landsat 8 band ratio composite analysis are shown in Figure 3 . In this figure, Layer 4 (band ratio highlighting feldspar) is set to red, Layer 3 (band ratio highlighting a mixture of Dolomite and Ca-Montmorillonite) is set to green, and Layer 2 (band ratio highlighting the mixture of Calcite and Dolomite) is set to blue. Black indicates areas of snow, vegetation, or water masked from the multispectral image. Red, green, and blue colors mix together to form cyan, magenta, and yellow colors in the resultant color composite.
In Figure 3 , red, green, and blue primary colors combine to indicate the representative combinations of mineral constituents found in each geologic unit. Cyan indicates a nearly equal combination of Layer 3 (B5/B6, highlighting Dolomite þ Ca-Montmorillonite) and Layer 2 (B1/B6, highlighting Calcite-Dolomite). The orange-red color that occurs in much of the central part of the figure is a combination of Layer 4 (B3/B1, highlighting microcline feldspar) and Layer 3, indicating areas of sandstone with clay that are found in the valley parts of the study area. Lastly, areas that appear magenta or dark purple indicate a combination of the microcline feldspar highlighted in Layer 4 and the calcite and dolomite mixture highlighted by Layer 2. Vegetation and water, indicated by black, were masked to improve spectral analysis of the minerals. Adits and machinery interpreted during phase II are also shown in Figure 3 , as are the emerald occurrences found in reports of mineralization in Afghanistan (Doebrich and Wahl 2006) .
Phase II
A well-known and long-active emerald mine site in the Khenj district of the Panjshir Valley is shown as an example (Figure 4) . Part A shows a photo of this site taken from ground level (Photo credit: E.A. Mallkzada), while part B of the figure shows the same area in VHR satellite imagery. By associating key shapes, tones and colors from groundlevel observations to VHR imagery, key indicators of each ground feature can be specified in the satellite imagery.
The results of VHR image interpretation indicate areas of emerald mining activity in the Panjshir Valley for the two dates of imagery. A total of 1060 tunnel features were identified during the 2011-2013 time period (2011-2013 mosaic) , and 1150 tunnel features were identified in image the 2017 image. A few tunnels were identified in 2017 in areas beyond the well-established mining districts however in most cases new mining tunnels were observed next to or in the vicinity of previously active mining tunnels.
Not all interpreted adits were being actively mined at the time of imaging, and distinction between active and inactive tunnels is important for analysis of changes in mining. Mining activity within any given tunnel is known to be relatively brief, as cave-ins due to inadequate tunnel support or failing to find mineral indicators of emeralds cause tunnels to be abandoned (Bowersox et al. 1991) . Red is assigned to Layer 1 (targeting dolomite), Green is assigned to Layer 2 (targeting Calcite0.5 þ Dolomite0.5), and Blue is assigned to Layer 3 (targeting Dol.5 þ Ca-Mont.5). Black areas indicate the presence of vegetation or water and were masked from the analysis to better isolate mineral spectral reflectance. The results of tunnel interpretation from Phase II are also shown overlain on the band ratio composite to demonstrate the contact between the SDld unit and the Ossl unit.
While not prevalent in all emerald mining areas, large-scale mining machinery was identified in the Khenj district and in the Mikeni district, which both lie in the southwestern part of the valley. From measurement of each piece of machinery, it was determined that all machines used in the valley at the time of imaging were front-arm hydraulic excavators. Moreover, all the excavators measured had tracks lengths longer than 2 m, with most measuring approximately 4 m in length, and with an extended boom length measuring 5-7 m. These dimensions indicate that these excavators fall into the 'construction and production' category of large excavator machines. In total, 5 excavators were identified: 2 in the Khenj district and 3 in the Mikeni district. Figure 5 compares the profile view of this type of excavator (photo not taken in the Panjshir Valley -BING Creative Commons) with the overhead view from VHR satellite imagery.
The results of point aggregation to 250 m gridcells are mapped ( Figure 6 ) using a green to red color ramp to indicate the number of interpreted adits within each gridcell (few to many, respectively).
Mapping of change values within a gridcell describes how mining activity has progressed within and near known mining areas. The results of this change are mapped in Figure 7 ; areas that have become more active are colored yellow or brown, and areas in which mining activity has diminished are colored blue or green. Figure 8 shows the local-extent analysis of changes in topography due to mechanized mining techniques are shown for site 1 in the Mikeni district and site 2 in the Khenj district. Each of these sites is shown at the same scale (1:1500), with Image1 shown on the left, and the Image2 shown on the right. A large-scale excavator is present at both sites. At site 1, several prominent and active adits were observed in Image 1 (Figure 8(a) ), and the substantial differences after the site transitioned to mechanized excavation are apparent in Image 2 (Figure 8(b) ). The excavated ledge measures 70 m long by 38 m wide. Site 2 underwent a similar transition in mining methods (Figure 8(c,d) ), that began prior to the 2013 image shown in Image1. The excavated ledge measures approximately 60 m long by 25 m.
Phase III
Topographic changes caused by mechanized surface mining can be detected and quantified from DEMs of the site. A profile comparison of the elevation surface prior to the mechanized mining and as of 2018 for each site is shown in Figure 9 . At both sites the surface of the hillslope has changed significantly, creating a ledge along contour. However, at Site 2 the material excavated from the headwall has been added to the downslope side of the ledge, ultimately causing elevation to slightly increase in this area.
Direct comparison of the two DEMs shows that at Site 1 excavation has cut at most 17.8 m below the original surface, with a volumetric change of 29,344 m 3 . At Site 2, excavation has cut at most 18.2 m below the original surface, with a volumetric change of 24,285 m 3 . Table 6 shows summary statistics of the topographic change calculated at each site.
Two reports contain detailed sampling values and calculations of emerald reserves for the Khenj deposit (R1208 - Samarin and Akkermantsev 1977; R1563 -Pasekov and Yurgenson 1980) . Sampling plans divided the deposit into eastern and western zones. For the western zone, sampling results were reported by tunnel block for two tunnels of 68 m and 75 m in length. For the eastern zone, sampling was done using surface pits and tunnels, but no differentiation between the two was recorded in the resultant data tables. For each zone, summary grade statistics are calculated for the average content of 'certified' emeralds per m 3 of productive mass, as well as for the block volume (Table 7) .
Of particular note, sampling in the western zone was noted to occur in carbonate rock, and in the eastern zone sampling was done in clastic rocks. Thus, multiple factors, such as the difference in sampling method (sub-surface adit vs. surface pit), the difference in host rocks (carbonate vs. clastic), and the reported variability in emerald mineralization impede direct comparison of these results. Despite these challenges, the tables of sample results provide insight to the significant variability in gemstone quantity and quality that has been anecdotally reported for all zones in the Panjshir Valley.
From this exploratory sampling, Samarin and Akkermantsev (1977) report the gemstone-grade quantity of emeralds as 0.6 carat/m 3 for the eastern zone and 6.5 carat/m 3 for the western zone. Based on this sampling and the methods described above, the multiplicative factor that characterizes the productive volume is 0.33 for the eastern zone and 0.42 for the western zone.
Using these values and the volume of change calculated above, this study estimates emerald production at the Mikeni (eastern) site as 62,942.9 to 80,109.1 carats, and at the Khenj (western) site as 4808.4 to 6119.8 carats (Table 8) .
Discussion
In the first phase of this study, Landsat multispectral image analysis was used to highlight and improve mapping of the geologic units relevant to emerald deposits to better understand the spatial distribution of emerald mining. The geographic extent of emerald- interpretation corroborate the findings from Phase I and highlight a trend of increased mechanization in the southeastern part of the valley. Phase III investigated the potential impact of this transition to mechanized surface mining by selecting 2 sites as case studies and performing volumetric change detection. Specific findings from each of these phases bear further consideration and are discussed in the following paragraphs. Through detailed investigation, translation and geolocation of available Soviet archival geologic maps in Phase I, it was determined that the 1:250,000 geologic map (Abdullah et al. 1977; Lindsay et al. 2005 ) contains the most current and detailed information regarding geologic units in the Panjshir Valley. Landsat band ratio analysis targeting key mineral components of the geologic units from this map closely resembles the extent of the units mapped at this scale. However, in many areas, the band ratio analysis improves mapping of the contact between geologic units that is related to emerald mineralization. Specifically, the SDld unit, which is predominantly a limestone and dolomite lithology, is highlighted by a combination of Band 1/Band 6 and Band 5/Band 6. When these two band ratios are assigned to Green and Blue, as they are in Figure 3 , the SDld unit shows up as the bright cyan color. Similarly, the feldspar content of the clays and sandstones in the, otherwise dolomite-rich, Ossl unit is highlighted by the combination of the Band 3/Band 1 and Band 5/Band 6, making it appear as a reddish-orange color in Figure 3 . The weathering of this unit and colluvium overlaying it make its extent less clear in the results than that of the SDld. As emerald deposits are reported to occur along the contact between units SDld and Ossl, the extent of these two units in the band ratio analysis could be used to indicate the greatest potential extent of future emerald mining activity.
Detailed mapping of emerald mining activity from VHR imagery in Phase II corroborates the findings of Phase I. These interpreted features tend to cluster along the contact between the SDld unit and the Ossl unit, as mapped by band ratio analysis. When compared to the 1:250,000 geologic map ), many of these features fall within geologic units that do not host emeralds, such as the Ossl unit or the Xg 1 n unit. However, when overlaid upon the Landsat band ratio analysis, these adit mining portals and other mining features are shown to fall on areas of contact between geologic units that have been reported to host emeralds deposits. Thus, Landsat band ratio analysis helps inform the spatial distribution of adits and mechanized mining activities.
With regard to trends in mining activity over time, the geographic distribution of subsurface mining features in Image 2 was found to be similar, but not identical to that of Image 1. While the core areas of mining activity remain focused on previously-known mining deposits, change analysis showed that mining activity has increased in the Khanj and Mikeni districts and decreased in other areas, such as the Buzmal and Yaknow districts. This important shift in the spatial distribution of mining activity can't be directly observed from simple mapping of adits. Furthermore, this has implications for formalization efforts, as it provides some spatial prioritization for outreach efforts seeking to establish a formal emerald mining supply chain.
The results of Phase II also confirm independent reports of mechanized surface excavation at emerald mine sites in parts of the valley. Large mining excavators were interpreted in both the Khanj and Mikeni districts, in the 2017 imagery. This shift in mining methods from artisanal sub-surface methods using hand tools and blasting with explosives to mechanized surface excavation is significant because it greatly improves the quality and crystalline integrity of extracted emeralds, by reducing the uncontrolled fracturing and breakage caused by blasting.
Mechanized surface mining also potentially increases the production capacity of each site. Phase III estimated 'how much' could be produced from a mechanized mine site, based on volumetric change and the average grade data reported in archival reports. Although the volume calculated from topographic change indicates the amount of material removed from the mountainside and not the volume of potential emerald-bearing rock that was excavated from each site, adjustment of this total volume using a multiplicative factor calculated from the production of sampling block volumes provides a method of estimating the realistic production from each site. This estimation it is an important starting point and is necessary to establish the potential difference in production of emeralds from mechanized small-scale mine sites. Further work, and additional field work will need to be done to verify the results of this analysis and to better establish the average grade of emerald deposits in different parts of the Panjshir Valley.
This study demonstrates multiple methods that can be integrated to address mapping the complexity, spatial distribution, and methods, of artisanal and small-scale mining activity for gemstones hosted in hard-rock deposits in a challenging and difficult to access terrain. The methods elaborated on in this study help to provide a roadmap for analyzing ASM activities in an effort to help monitor and assess this dynamic land-use activity.
Disclosure statement
No potential conflict of interest was reported by the authors. 
